Immunization with cardiac myosin induces T cell-mediated myocarditis in genetically predisposed mice and serves as a model for autoimmune heart disease. This study was undertaken to identify pathogenic epitopes on the myosin molecule. Our approach was based on the comparison of the pathogenicity between cardiac ( ␣ -) myosin and soleus muscle ( ␤ -) myosin. We show that ␣ -myosin is the immunodominant isoform and induces myocarditis at high severity and prevalence whereas ␤ -myosin induces little disease. Therefore the immunodominant epitopes of ␣ -myosin must reside in regions of different amino acid sequence between ␣ -and ␤ -myosin isoforms. Cardiac myosin peptides corresponding to these regions of difference were synthesized and tested for their ability to induce inflammatory heart disease. Three pathogenic peptides were identified. One peptide that is located in the head portion of the molecule induced severe myocarditis, whereas two others that reside in the rod portion possessed only minor pathogenicity. The identification of pathogenic epitopes on the cardiac myosin molecule will allow detailed studies on the recognition of this antigen by the immune system and might be used to downmodulate ongoing heart disease. (
Introduction
Postviral myocarditis is a serious disorder and often results in dilated cardiomyopathy. Aberrant immune responses have been implicated by several clinical and experimental studies (1) (2) (3) (4) . Based on the hypothesis that certain forms of this disease are mediated by an autoimmune response to intracellular proteins released after virus-mediated myocyte damage, we have previously established a murine model where myocarditis is inducible by purified cardiac myosin (5) . This model serves as a virus-free system to investigate the pathological mechanisms acting in postinfectious autoimmune heart disease. Cardiac myosin-induced myocarditis has been shown to be CD4 ϩ T cell-mediated and strictly dependent on MHC class II expression (6, 7) . One of the most important questions is which epitope(s) on the cardiac myosin molecule is (are) crucial for the induction of the disease. Also, it is not clear whether the autoreactive T cells recognize other myosin isoforms in addition to the cardiac isoform.
The major obstacle to identifying the relevant epitopes is the great length of the myosin molecule which consists of two 200-kD heavy chains and two pairs of low molecular mass light chains. In vertebrates, the myosin heavy chains are encoded by a multigenic family and comprise various isoforms which are under tissue-specific regulation. The only myosin isoform found in the cardiac tissue of young adult rodents is the ␣ -isoform, whereas the soleus muscle, in addition to type II A-and II B-myosin, mainly contains the ␤ -isoform but no ␣ -myosin. The contractile apparatus of the other skeletal muscles, the socalled fast white skeletal muscles, exclusively contains the II A-and II B-myosin isoforms at various ratios (for reviews see references [8] [9] [10] [11] . As previously shown, in contrast to the cardiac ( ␣ -) myosin, these two isoforms induce neither myositis nor myocarditis (5) .
However, the pathogenicity of the ␤ -myosin isoform has not been tested. In contrast to other skeletal muscle myosin isoforms the ␤ -myosin differs from the ␣ -myosin only by circumscribed amino acid regions. Here we demonstrate that ␤ -myosin is a weak inducer of inflammatory heart disease as compared with the immunodominant ␣ -myosin isoform. Based on this finding, we synthesized cardiac ( ␣ -) myosin peptides corresponding to the regions of difference between the ␣ -and ␤ -myosin isoforms which allowed the identification of three epitopes with major and minor pathogenicity.
Methods
Experimental animals. BALB/cJ HanHim mice and Black Dolly rats were obtained from the Institute for Laboratory Animals (Himberg, Austria). The BALB/c J HanHim mice were originally derived from the Jackson Laboratories (Bar Harbor, ME) and were further maintained by brother/sister mating and constant genetic control at the Animal Facilities of Hannover, Germany, and subsequently at Himberg, Austria.
Antigen preparation. Cardiac myosin was chromatographically purified from 4-wk-old Black Dolly rats and soleus muscle myosin was chromatographically purified from 12-wk-old Black Dolly rats as described previously (12) . These ages were selected because cardiac tissues of young rats exclusively contain ␣ -myosin, whereas those from older animals also contain minor amounts of ␤ -myosin (10) . Conversely, the percentage of ␤ -myosin in the soleus muscle increases with the age of the animals (13) . Murine cardiac and soleus myosin was prepared from pooled hearts and soleus muscles obtained from various strains of adult mice. Due to the small amount of tissue available, murine soleus muscle myosin was purified according to the method of Shiverick et al. (14) . The purity of the myosin preparations was further tested by SDS-PAGE (12) . It should be noted that the soleus muscle does not exclusively contain ␤ myosin, but also minor amounts of II A-and II B-myosin (13) . However, it has been shown that the II A-and II B-myosin isoforms do not cause myocarditis or myositis (5) .
Synthesis of peptides derived from cardiac myosin. The polypeptides derived from cardiac myosin (see Table II ) were synthesized by the Fmoc (fluorenylmethoxycarbonyl)/t-butyl based solid phase peptide chemistry method. An ABI 431 (Perkin Elmer Corp., Foster City, CA) peptide synthesizer using a single coupling program was used to carry out the chain assembly starting with commercially available Fmoc-AA-HMP (hydroxymethyl-phenylacetyl) derivatized polystyrene resin, where AA is the COOH-terminal amino acid (aa) residue. Subsequent aa were coupled as hydroxybenztriazole esters. Upon removal of the final NH 2 -terminal Fmoc, side-chain protecting groups were removed and the peptides were cleaved from the resin by treatment for 4 h with TFA/thioanisole/ ␤ -mercaptoethanol/water/ phenol (80 Ϻ 5 Ϻ 5 Ϻ 5 Ϻ 5). The resulting suspension was filtered, and the filtrate volume was reduced by roto-evaporation. The crude peptide was precipitated and washed with ether, then dried in vacuo overnight. The acetylated polypeptides were also synthesized by Fmoc methodology. However, upon removal of the final NH 2 -terminal Fmoc, the NH 2 terminus was acetylated by mixing the resin for 30 min in a solution of 25% acetic anhydride in dimethyl formamide. All peptides were purified by reverse-phase HPLC on a preparative (2.5 cm ϫ 25 cm) Vydac C 4 column with linear gradients of 99.95% acetonitrile plus 0.05% TFA vs. 0.1% aqueous TFA.
Immunization procedures. 6-8-wk-old BALB/c mice were immunized twice at a 7-d interval with purified cardiac or soleus muscle myosin emulsified in Freund's complete adjuvant (FCA) 1 as described (5). Peptides were diluted in PBS at a concentration of 1 mg/ ml, emulsified in FCA, and injected according to the same protocol that was used for the full-length myosins. 3 wk after the first injection, hearts, and both soleus muscles and quadriceps and biceps muscles were excised and fixed in formalin.
Histopathology. Sections from formalin-fixed, paraffin-embedded tissues were obtained at several levels and stained with hematoxylin and eosin. Myocarditis or myositis was determined by the presence of an inflammatory infiltrate and myocyte damage. The severity of myocarditis was determined according to a previously described scoring system (5) ranging from 1 to 4 (1 corresponds to infiltration of up to 5% of at least one histologic cross-section; 2, 5-10%; 3, 10-20%; 4 Ͼ 20%).
Results

␣ -and ␤ -Myosin induce myocarditis at different prevalence and severity.
To test whether ␣ -and ␤ -myosin obtained from mice and rats differ in their induction of myocarditis, BALB/c mice were immunized with these antigens. In agreement with previous findings (5), immunization with the murine cardiac myosin, i.e., ␣ -myosin, induced severe autoimmune myocarditis in the majority of mice. ␣ -Myosin obtained from rat hearts induced the disease at similar prevalence and severity (Table I) .
In contrast, immunization with murine and rat ␤ -myosin isoforms (obtained from soleus muscles) induced myocarditis at minimal prevalence and severity. In addition, ␤ -myosin immunization also caused inflammation of the soleus muscle in a few animals. The inflammatory lesions induced by ␤ -myosin were heart-and soleus muscle-specific, as other skeletal muscle tissues were normal upon histologic examination (data not shown).
The lesions in the heart tissue of ␤ -myosin-immunized mice were similar to myocarditis induced by the ␣ -myosins but much less extended and characterized by a diffuse interstitial cellular infiltrate. The histologic picture of inflammation of the soleus muscle was similar (Fig. 1 a ) . These data show that the murine and rat ␣ -myosin isoforms have the same pathogenicity and that ␣ -myosin is immunodominant in the pathogenesis of inflammatory heart disease.
Selection of candidate peptides derived from cardiac myosin heavy chain that potentially induce myocarditis. Since ␣ -myosin but not ␤ -myosin induces myocarditis at high prevalence and severity, we compared the amino acid sequence of the rat cardiac and soleus muscle myosin heavy chains. Peptides were synthesized from the rat ␣ -myosin regions that correspond to the clusters of difference. The rat ␣ -and ␤ -myosins had to be used for comparison because the amino acid sequence of mouse ␤ -myosin is not known. However, the amino acid sequences of ␣ -myocins from rats and mice are almost identical ( Ͼ 99%) (15) and both were found to be equally pathogenic (Table I ). The differences between the rat ␣ -and ␤ -myosin heavy chain are restricted to 8 clusters of amino acids and to 52 single aa substitutions within a total length of 1938 and 1935 aa, respectively (16) (Fig. 2) . In addition, the region encompassing aa 736-1032 was of particular interest because it had been shown recently that this region might contain pathogenic epitopes (17) . Therefore, within this region we additionally synthesized short peptides corresponding to the rat ␣ -myosin BALB/c mice were twice immunized with chromatographically purified myosin isoforms derived from rat or mouse hearts ( ␣ -myosin) or soleus muscles ( ␤ -myosin) at a weekly interval. Histopathology was determined 3 wk later. *Number of animals with soleus muscle myositis/animals immunized. ‡ Number of animals with myocarditis/animals imnmunized. § Severity was ranged from 1 to 4 (1 corresponds to infiltration of up to 5% of at least one histologic cross-section; 2, 5-10%; 3, 10-20%; 4, Ͼ 20%).
that differed by only one aa from ␤ -myosin. The peptide aa 1304-1320 was also included in this study because it had been shown to induce myocarditis in Lewis rats (18) . Since acetylation of peptides has been described to alter their immunogenicity (19) , peptides were also tested as NH 2 -terminally acetylated variants as well (Table II) .
Identification of pathogenic ␣ -myosin peptides. Mice were immunized with the candidate peptides (Fig. 2) emulsified in FCA according to the immunization protocol used for the whole molecule. Among all peptides tested three were found to induce myocarditis (Table II) . However, these three peptides significantly differed in their pathogenicity. The peptide aa 614-643 (cluster of difference) showed dominant pathogenicity and induced severe myocarditis with inflammatory lesions throughout the ventricular wall. (Fig. 1, b and c ) . In contrast, myocarditis induced by the two other peptides corresponding to aa 735-747 and 947-960 was restricted to small foci of interstitial infiltration (Fig. 1 d ) . NH 2 -terminal acetylation significantly changed the pathogenicity of the peptides. While the nonacetylated variant of the dominant peptide aa 614-643 failed to induce the disease, peptides aa 735-747 and 947-960 were only pathogenic in a nonacetylated state.
Discussion
In this report we have identified three peptides derived from the cardiac ␣ -myosin isoform that can induce autoimmune heart disease. The selection of peptides was based on our finding that myosin isoforms with similar amino acid sequence, i.e., cardiac and soleus muscle myosin, significantly differ in their ability to induce myocarditis.
Among the eight peptides corresponding to clusters of dif- BALB/c mice were immunized twice at a weekly interval with synthetic peptides derived from cardiac (␣-) myosin. Presence of myocarditis was determined 3 wk after the first immunization and the severity of the disease was ranged as described in Table I . *(Ac-) is NH 2 -terminally acetylated peptide. Amino acids that are underlined differ from the corresponding ␤-myosin sequence. ‡ Number of animals with myocarditis/number of animals immunized.
ʈ This peptide induces myocarditis in Lewis rats. § Pooled data from at least two experiments.
ferent amino acids between ␣-myosin and ␤-myosin, only one showed pathogenicity. However, the pathogenicity of this peptide appeared to be dominant as it induced myocarditis at a severity comparable with immunization with the whole myosin molecule. The two other ␣-myosin peptides displayed minor pathogenicity and were derived from regions that differed from ␤-myosin by only one amino acid, respectively. The immunodominant peptide differs from the corresponding ␤-myo-sin region by 13 amino acids. This pronounced difference could account for its high pathogenicity, and conversely the minor activity of the two other peptides might be due to the fact that they differ by only one amino acid from the corresponding ␤-myosin region. Immunization experiments in BALB/c mice with fragments of rat cardiac myosin suggested that pathogenic epitopes reside between aa 736 and 1032 (17) . According to amino acid sequence comparison, this particular region contains five potentially myocarditogenic epitopes, namely one epitope with a cluster of difference and four epitopes that differ by a single amino acid from ␤-myosin. As demonstrated by the present study, the peptide spanning the cluster of difference was not pathogenic and among the four others we have identified two that showed minor pathogenicity. Thus, although we have identified two immunogenic peptides in the aa 736-1032 region, our data imply that the dominant pathogenic epitope is located outside this region, in the head portion of the molecule.
It has been shown recently that immunization with a peptide corresponding to aa 1304-1320 of the rat ␣-myosin heavy chain induces myocarditis in Lewis rats (18) . Since the amino acid sequence of this peptide is also found on the corresponding rat ␤-myosin region (16), we expected that this peptide might fail to induce the disease in BALB/c mice.
In a very recent report it has been demonstrated that a peptide corresponding to aa 334-352 can induce myocarditis in A/J mice and specifically binds to class II MHC molecules (I-A k ) of A/J mice (20) . In our study a peptide spanning this particular region failed to induce the disease in BALB/c mice (class II MHC I-A d , data not shown). Therefore it is likely that strainspecific differences in the response to ␣-myosin are associated with specific differences in class II MHC haplotypes. In addition, with the great length of ␣-myosin it would be surprising if the pathogenicity of this antigen was restricted to only one epitope, particularly in different strains of mice. The fact that the aa 334-352 peptide differs from the corresponding region of ␤-myosin by five amino acids underscores our hypothesis that dominant epitopes are located in regions of difference between ␣-and ␤-myosin isoforms.
NH 2 -terminal acetylation of peptides derived from self antigens was reported to enhance their antigenicity in some cases (19) . The mechanism by which acetylation influences immunogenicity is not clear but may be based on (a) the prevention of extra-or intracellular peptide degradation (b) enhanced peptide binding to MHC class II molecules, or (c) targeting peptides to specific intracellular compartments for MHC class II association (19) . The effect of acetylation is most evident in peptide aa 614-643 because lack of the acetyl moiety completely abrogates its pathogenic potential. NH 2 -terminal acetylation of the pathogenic peptide was required in the Lewis rat model as well (18) . Conversely, the peptides with minor pathogenicity lose their antigenicity when acetylated.
Immunization with ␤-myosin induced both myocarditis and soleus muscle myositis at minimal prevalence and severity. Thus, there must be a partial cross-reactivity between ␣-and ␤-myosin isoforms at the T cell level. The cross-reactive epitopes could not be delineated with our approach but must possess minor pathogenicity. Most probably they are located within regions that are identical in the ␣-and ␤-myosin isoforms. The minimal prevalence of soleus muscle inflammation could be due to (a) lack of relevant ␤-myosin-specific T cell clones and/or (b) less pronounced target organ susceptibility.
The first hypothesis may be explained by immuonlogic tolerance to ␤-myosin which, in contrast to the ␣-isoform, is already expressed during embryonic development (21). The second hypothesis is supported by the observation that skeletal muscle tissues including soleus contain much less cytokine-inducible antigen presenting cells as compared with the heart (reference 22 and our unpublished data).
Soleus myositis is the first example of myositis induced by a defined autoantigen, i.e., ␤-myosin. This autoantigen also constitutes a link between myositis and myocarditis because it induced both myocarditis and myositis. In patients with myocarditis and dilated cardiomyopathy it has been suggested that the ␣-and ␤-myosin heavy chains could be important autoantigens (23). The human ␣-myosin heavy chain is heart specific and mostly found in the atrium, whereas the ␤-chain is mainly found in the ventricle, but also in slow skeletal muscles (8) . Thus, it is conceivable that in myocarditis patients an autoimmune response to the ␤-myosin heavy chain may also affect slow skeletal muscles. In addition, autoimmune responses against skeletal muscle with ␤-myosin may lead to heart disease.
The identification of pathogenic epitopes on cardiac myosin is an important step to further dissect the molecular mechanisms acting in ongoing heart disease. It is conceivable that peptides with slightly modified amino acid sequence can be applied to antagonize the original pathogenic epitope (24) and subsequently modulate ongoing heart disease. Altered peptide ligands were successfully used to downmodulate the disease in experimental encophalomyelitis (25) and adjuvant arthritis (26) . Studies are currently underway to determine whether this approach will also be useful in autoimmune myocarditis.
